ABSTRACT DEMPSEY, WALTER B. (Uniiversity of Florida, Gainesville). Control of pyridoxine biosynthesis in Escherichia coli. J. Bacteriol. 90:431-437. 1965.-The total pyridoxine in a culture of exponentially growing Escherichia coli was 3.6 X 10-10 moles per mg of dry cells. One-fourth of this total was present in the medium, and was at least 90% pyridoxal 5'-phosphate. Both pyridoxol and pyridoxal, when present initially at 6 X 10-7 M, substituted entirely for de novo synthesis of pyridoxine. The other four forms of the pyridoxine group were ineffective at this concentration. Pyridoxine biosynthesis in exponentially growing cultures of E. coli was immediately stopped by adding pyridoxol to the medium to a final concentration of 4 X 10-7 M. Amino acid auxotrophs of E. coli suspended in minimal medium without the required amino acid produced extracellular pyridoxine for several hours at an average rate of 1.3 X 10-10 moles per hr per mg of dry cells. The rate of production of extracellular pyridoxine by a threonine-starved threonine auxotroph was not altered by growing the culture before starvation in media containing 6 X 10-5 M pyridoxol. The extracellular form of pyridoxine produced in these starvations required hydrolysis to be detected in the bioassay used in these measurements. The total findings suggest that pyridoxine biosynthesis is controlled by a rapidly acting mechanism but not by repression.
The biogenesis of the pyridoxine family is unknown (Goodwin, 1963) , and even the relationships among the six members of the family are not established in Escherichia coli. Two groups have measured pyridoxine production by E. coli. Nurmikko and Laaksonen (1961) measured it in cultures of E. coli growing in the pyridoxine bioassay medium of Atkin et al. (1943) , whereas Morris (1959) measured it in cultures of E. coli growing in a minimal medium. Although neither of these reports was designed to show whether )yridoxine synthesis was controlled, the data of both showed that the pyridoxine content of E. coli was of the same order of magnitude as that reported by Thompson (1942) for other bacteria.
The presence of very small amounts of coenzymes in bacteria led MclIlwain (1946) to suggest that special mechanisms may control the biosynthesis of this class of compounds. His ideas were discussed by Wilson and Pardee (1962) in light of the present theories of biological control. The control of the biosynthesis of biotin (Pai and Lichstein, Bacteriol. Proc., 1). 116, 1964) , riboflavine (Wilson and Pardee, 1962) , and nicotinamide adenine dinucleotide (Imsande and Pardee, 1962) has been recently studied. The biosynthesis of the last of these three was shown to be controlled by repression of nicotinic acid mononucleotide phosphorylase, the first enzyme in this biosynthetic sequence (Imsande and 1'ardee, 1962) .
Evidence is presented here that the biosynthesis of pyridoxine may be controlled through a feedback mechanism.
MATERIALS AND METHODS
Organisms. E. coli B was kindly provided by A.
L. Koch, and its susceptibility to Ti, T2, and T5 phage was found to be equivalent to E. coli B obtained from the American Type Culture Collection. E. coli B 97, an adenine auxotroph, and E.
coli BU-, a uracil auixotroph, were kindly provided by R. N. Peterson. Saccharomyces carlsbergensis 9080 and E. coli K-12 were obtained from the American Type Cultuire Collection. Salmonella typhimurium A 22 was provided by Richard Ecker. Amino acid auxotrophs of E. coli B were obtained after ultraviolet irradiation by standard penicillin enrichment techniques.
Chemicals. All chemicals used were reagent grade. The various memnbers of the pyridoxine group were obtained from commercial sources and were assayed for purity by the column chromatographic method of Bain and Williams (1960) . Pyridoxal, pyridoxol, and pyridoxamine were found to be free from contaminants having pyridoxine activity, whereas pyridoxal 5'-phosphate, pyridoxol 5'-phosphate, and pyridoxamine 5'- shaking at 400 rev/min. All cultures were inoculated to a concentration of 7 X 107 cells per milliliter with washed cells freshly grown on minimal medium. The duration of exponential growth was determined by viable counts to be that portion of growth when cell number increased with the same rate constant as cell mass. Under these conditions in minimal medium at 30 C, exponential growth was usually maintained to a value of 1.0 (optical density at 650 m,u), which represented a cell density of 1.8 X 109 cells per milliliter. Above 1.0, the rate constant for viable-cell increase became greater than the rate constant for cell mass. These cell densities were routinely found under the growth conditions described above.
Determination of pyridoxine. The pyridoxine group was assayed by the method of Atkin et al. (1943) . Morris, Hughes, and Mulder (1959) published a critical review of this yeast bioassay method. We modified the medium for this bioassay by adding nicotinic acid, L-histidine, L-tryptophan, and L-methionine, each at 5 mg/liter. The bioassay was sensitive in its response to pyridoxol, pyridoxal, and pyridoxamine in the range 6 X 10-12 to 60 X 10-12 moles. The pyridoxol and pyridoxal standard curves are congruent between 24 X 10-12 and 60 X 10-12 moles but not below 24 X 10-12 moles. All measurements of pyridoxine content of biological material were made in the range 24 X 10-12 to 45 X 10-12 moles with pyridoxol as standardi Sample sizes were adjusted to cover this range. The precision of the bioassay was 3%; consequently, measurements of the pyridoxine content of solutions containing more than 600 X 10-12 moles of pyridoxine per ml were hindered by dilution errors. The generous advice of Beverly Guirard of the University of California and John B. Lyon of Emory University concerning fine points of this assay is gratefully acknowledged.
Hydrolysis. The pyridoxine vitamers pyridoxal 5'-phosphate, pyridoxol 5'-phosphate, and pyridoxamine 5'-phosphate must be converted to the nonesterified forms to be measured in the assay employed (Snell, 1950) . This hydrolysis was effected in 0.055 N H2S04 (final pH 1.5 to 2.0) at 121 C for a minimum of 3 hr. All hydrolysis solutions were then neutralized to pH 5.0 with 20%/o potassium citrate, and were diluted with water to a suitable volume for analysis. Controlled experiments showed that the pH of hydrolysis of pyridoxal 5'-phosphate to pyridoxal and inorganic phosphate could be varied from 1.5 to 2.0 and that hydrolyses of 3, 5, and 7 hr in this pH range gave identical yields of free pyridoxal.
Measurement of pyridoxine in bacterial cultures. Four principal types of measurement of pyridoxine in bacterial cultures were made. (i) Total. For these measurements, samples of cultures were assayed after hydrolysis. (ii) Cellular. An amount of the bacteria containing 2.5 to 3.0 nanomoles of pyridoxine was collected on a washed 47-mm HA MIillipore filter without washing the bacterial cells. The filter with bacteria was then suspended in 20 ml of 0.055 N H2S04 and assayed after hydrolysis. Suitable controls showed both that the Millipore filter was completely inert in the assay and that the holdup volume was sufficiently small so that a vitamin concentration in the filtrate up to 900 picomoles per ml (that is, several times greater than that found in our experiments) would not affect the analysis of the vitamin in the bacteria. Millipore filter holder XX10 047 00 was used in these experiments. (iii) Culture fluid. The filtrates from ii were assayed both directly and after Starvation experiments. Auxotrophs growing exponentially at 30 C in minimal medium plus the required growth factor were centrifuged when the culture reached an optical density (OD) value of 0.7, and were suspended in minimal medium to the same OD and incubated with shaking at 30 C. Excepting only the adenineless organism, in each case total pyridoxine per milliliter of culture was measured on seven samples withdrawn every 30 min for 3 hr. The rate of pyridoxine production was constant during this period. Measurements were made on the adenineless organism on samples withdrawn every 20 min for 100 min.
Miscellaneous. hydrolysis. (iv) Toluene-extractable pyridoxine. Exponentially growing bacteria were centrifuged for 15 min at 500 X g at room temperature, and were drained; excess culture fluid was removed from the walls of the tube by blotting with filter paper. The cells were suspended in one-tenth volume of toluene-saturated minimal medium less glycerol for 5 min, centrifuged, and discarded. The supernatant fluid was centrifuged at 5,000 X g for 10 min, and then was assayed before and after hydrolysis. Bain and Williams (1960) .
Total pyridoxine during exponential growth of E. coli B in minimal medium at 30 C was 3.6 X 10-i0 moles/mg of dry bacteria; one-fourth of this was in the medium. Of the intracellular pyridoxine, 15% was extractable by toluene-saturated minimal medium.
The total pyridoxine content of growing cultures of E. coli B remained constant when either pyridoxol or pyridoxal was present in the medium at an initial concentration of 6 X 10-v M. This concentration was determined from earlier experiments to be 1.25 times greater than that found in a fully grown culture. The other members of the pyridoxine group did not have this effect at this concentration (Fig. 3) . The yeast bioassay was too imprecise to allow accurate testing of the apparently inactive mem- These experiments revealed that these two compounds were converted to an extracellular form which required hydrolysis to be detected in the yeast bioassay (Fig. 4) . This extracellular form was identified as pyridoxal 5'-phosphate by the method of Bain and Williams (1960) . Figure 5 shows that pyridoxamine, pyridoxal 5'-phosphate, pyridoxol 5'-phosphate, and pyridoxamine 5'-phosphate may not have entered the cells in measurable amounts when tested under conditions similar to those in Fig. 3 .
Pyridoxol stopped pyridoxine synthesis within 20 sec when added to exponentially growing cultures of E. coli B (Fig. 6) . The amount of pyridoxol to be added was calculated from the OD of the culture and the data of Fig. 1 , and was just sufficient to bring the total pyridoxine to that of a fully grown culture. Samples withdrawn from the culture were immediately brought to pH 1.5 with H2SO4. The first sample was acidified 20 sec after pyridoxol addition.
In this experiment, errors due to the imprecision of the yeast bioassay were minimized by keeping the total pyridoxine as low as possible and by adding the pyridoxol at a time during exp)onential growth when the culture had the potential to make a statistically significant increase in the total pyridoxine. This synthetic potential was calculated for the moment of pyridoxol addition by the equation d (pyridoxine/ml) /dt = k (pyridoxine/ml) The constant, k, was determined graphically to be 0.62 hr-'. These calculations showed that only during late exponential growth was the potential high enough for the culture to make a significant increase in total pyridoxine. The average standard deviation of the total pyridoxine values measured after pyridoxol addition was 6% of the mean.
The rate of pyridoxine synthesis by auxotrophs of E. coli washed during exponential growth and suspended in minimal medium lacking the appropriate growth factor is shown in Table 1 . The data are presented in terms of moles per milliliter per hr for a culture with an OD of 1.0, since the relationship between mass and OD for these starved mutants was not proved to be equal to that of wild-type E. coli B. However, if the wildtype E. coli B OD-mass relationship was assumed to hold for the mutants, the average increase in pyridoxine was 1. Synthesis of pyridoxine during threonine starvation of a threonineless auxotroph of Escherichia coli B previously grown in the presence of pyridoxol. Cultures were grown six generations in minimal medium containing 0.1 mg/ml of L-threonine and 6 X 10-7 M pyridoxol, subcultured into identical medium for another six generations, then centrifuged and suspended in either threonine-free, pyridoxol-free minimal medium (0) or threoninefree but pyridoxol-containing minimal medium (A, O). These latter two were centrifuged and suspended in threonine-free pyridoxol-free minimal medium at the times indicated by the broken lines. All symbols represent total pyridoxine present per milliliter of culture. Each value of total pyridoxine above 600 picomoles/ml was the mean of 14 determinations. A culture was grown six generations in minimal medium containing 0.1 mg/ml of L-threonine and 6 X 10-5 M pyridoxol. A portion (A) was centrifuged, washed with 0.9% saline, and suspended in minimal Medium containing 0.1 mg/ml of Lthreonine without pyridoxol. Another portion (B) was centrifuiged and suspended in minimal medium containing both L-threonine at 0.1 mzg/ml and pyridoxol at 6 X ia5 u. Both culture portions were allowed to grow two generations, and then were centrifuged. B was now washed with 0.9% saline, and both A and B were suispended in 200 ml of minimal niedium in 1-liter Erlenmeyer flasks. Circles represent the total pyridoxine concentr-ation per milliliter of culture. At the time indicated by the arrow, Lthreonine was added to a concentration of 0.1 mg/lnl. 7'his was removed after 10 min by centrifuiging the cells and suspending them again in minimal nmedium.
teria (Koch, 1961) for this mutant. In all cases, all of the additional pyridoxine could be accounted for by the increased pyridoxine content of the culture fluid. This pyridoxine required hydrolysis to be detected, and presumably was pyridoxal 5'-phosphate. Related experiments with pyridoxine auxotrophs are in progress.
Two additional experiments were made with the threonineless mutant of Table 1 ; the first of these is shown in Fig. 7 . Pyridoxine synthesis during threonine starvation of this mutant was p)revented by pyridoxol, but began immediately after the pyridoxol was removed. Pyridoxine synthesis then continued at a rate of 1.2 X 10-mo moles per hr per mg of cells for at least 6 hr.
The data obtained from an experiment analogous to that shown in Fig. 7 are shown in Fig.  8 . The differences here were three: the amount of p)yridoxol used was 100 times that of Fig. 7 The absence of repression as a control in pyridoxine biosynthesis may be inferred from the experiiments presented in Fig. 7 and 8, in which protein synthesis was prevented by threonine starvation. In these experiments, pyridoxine synthesis began immediately after pyridoxol was removed from threonine-starved threonineless bacteria which were steeping in enough pyridoxol to prevent pyridoxine synthesis. The absence of repression inferred from this finding is reasonable if protein synthesis was prevented totally by threonine starvation and if the enzymes of pyridoxine biosynthesis were not present in unusually small amounts (M\Icllwain, 1946) 
